Background: The aim of this study was to determine whether checkpoint kinase 1 inihibitor (CHK1), LY2603618, and gemcitabine prolong overall survival (OS) compared to gemcitabine alone in patients with unresectable pancreatic cancer.
Background
Pancreatic cancer is the fourth leading cause of cancerrelated deaths in the United States [1] . Current therapeutic strategies for pancreatic cancer have a modest impact on disease course and prognosis [2] . The 5-year survial rate remains low (<5%) [3] . Until recently, gemcitabine was the standard of care for patients with advanced/metastatic pancreatic cancer. FOLFIRINOX (oxaliplatin, irinotecan, leucovorin, and 5-FU) and gemcitabine plus nab-paclitaxel (Abraxane®) are novel therapeutic regimens demonstrating survival advantages in patients with advanced pancreatic cancer [4] [5] [6] [7] [8] . Although these recent advances are promising, there is still a need for novel therapeutic targets to further improve and sustain clinical response in pancreatic cancer patients.
Checkpoint kinase 1 (CHK1) is a protein kinase involved in the DNA damage response. Activation of CHK1 initiates cell cycle arrest allowing for DNA repair and replication. Inhibition of CHK1 allows cells to enter mitosis without DNA repair, eventually leading to apoptosis [9] . Furthermore, inhibition of CHK1 sensitizes tumor cells to DNA-damaging agents making CHK1 a unique target for cancer therapy. Azorsa and colleagues recently identified CHK1 as a therapeutic target for sensitizing pancreatic cancer cells to gemcitabine therapy using a synthetic lethal RNAi screening approach [10] .
LY2603618, a selective CHK1 inhibitor, enhances the activity of cytotoxic chemotherapy agents, including gemcitabine, in in vitro and in vivo nonclinical efficacy studies [11, 12] . Phase I of this Phase I/II study determined the recommended Phase II dose to be 230 mg [13] . Phase II, as presented here, determined if the overall survival (OS) in patients with Stage II-IV unresectable pancreatic cancer who were administered LY2603618 and gemcitabine exceeded the OS of patients treated with gemcitabine alone.
Methods

Study objectives
The primary objective of this Phase II study was to compare OS with LY2603618/gemcitabine to gemcitabine alone in patients with Stage II-IV unresectable pancreatic cancer. Secondary objectives included characterizing the safety and toxicity profile of LY2603618/gemcitabine and gemcitabine; estimating progression-free survival (PFS), duration of response, and change in tumor size; assessing response rates; evaluating the pharmacokinetics (PK) of LY2603618; investigating biomarker responses; and performing an exploratory assessment of Fridericia's heart rate-corrected QT interval (QTcF).
Patients
Adult patients who had given informed consent had adequate hematological, liver, and renal functions; histological or cytological evidence of a diagnosis of Stage II or III adenocarcinoma of the pancreas not amenable to resection with curative intent or Stage IV disease; and an Eastern Cooperative Oncology Group performance status (ECOG PS) 0-2. Patients with previous radical surgery for pancreatic cancer were eligible after progression was documented. Exclusion criteria included known hypersensitivity to gemcitabine; females who were pregnant or lactating; prior radiotherapy involving >25% of marrowproducing area; and treatment with any non-approved drug within 30 days of enrollment. Patients may have received previous adjuvant treatment with gemcitabine.
Study design and treatment plan
Prior to enrollment, the study protocol, patient informed consent, and any other written study documentation were approved by an ethics committee. This trial was conducted in accordance with the Declaration of Helsinki and the Good Clinical Practice Guidelines of the International Conference on Harmonization. Phase II of this open-label, multicenter, randomized, 2-arm, Phase I/II trial was conducted in patients with locally advanced or metastatic pancreatic cancer. Patients were randomized (2:1) to either LY2603618/gemcitabine or gemcitabine. Gemcitabine (1000 mg/m 2 ) was given as a 30-min infusion on days 1, 8, and 15 of a 28-day cycle. LY2603618 (230 mg) was administered as a 1-h infusioñ 24 h after administration of gemcitabine. Patients continued on treatment until disease progression, unacceptable toxicity, or patient unwillingness to participate.
Statistical analysis
The primary objective was a comparison of OS on the intent-to-treat (ITT) population using a Bayesian posterior probability for the superiority of the combination over gemcitabine. Ninety-nine patients were planned, resulting in a frequentist design with~60% power (1-sided, 0.2 type I error, no interim analysis) to detect a 2-month improvement in survival (7 months gemcitabine vs. 9 months LY2603618/gemcitabine). The Bayesian model [14, 15] incorporated historical gemcitabine data [16, 17] with prospective gemcitabine data to compare survival between the treatment arms and increase the power compared to the frequentist design. LY2603618 and gemcitabine would be considered superior to gemcitabine if the posterior probability of superiority exceeded 0.8. Simulation resulted in estimated power of 0.76 and type I error rate of 0.15. In addition to the Bayesian model, frequentist analysis of OS was also performed as a sensitivity analysis. The definition of secondary efficacy variables was consistent with standard conventions per RECIST (v 1.1) [18] .
Exploratory analyses included: change from baseline in tumor size and carbohydrate antigen 19-9 (CA19-9) levels, and changes in QTcF from electrocardiograms (ECG) obtained at baseline and after LY2603618 administration on days 2 and 16 during cycle one.
Safety
All patients who received at least one dose of study drug were evaluated for safety and toxicity. AE severity was graded using the Common Terminology Criteria for AEs (CTCAE) v 3.0.
Pharmacokinetic/pharmacodynamic analysis LY2603618 concentrations were quantified using a validated high-pressure liquid chromatography/mass spectrometry/mass spectrometry method. Whole blood samples were collected following the LY2603618 infusion on days 2 and 16 of cycle 1 before the start (<10 min) of infusion; immediately prior to the end of infusion (<5 min); and at 1, 3, and 24 h after the end of infusion. LY2603618 PK parameters were computed from the plasma concentration versus time data by standard noncompartmental analyses (Phoenix WinNonlin version 6.3, Pharsight, A Certara Company®; Princeton, NJ, USA). The PK parameters of maximum plasma concentration (C max ) and area under the plasma concentra- 
Biomarker response
A nucleoside analog deoxyribonucleic acid (DNA) incorporation assay method measured the amount of gemcitabine incorporated into genomic DNA [19] . A sample for CA-19-9 analysis was collected at the start of each cycle.
Results
Patient disposition
Of the 107 enrolled patients, a total of 99 patients (n = 65, LY2603618/gemcitabine; n = 34, gemcitabine alone) were randomized and included in the ITT population. The first patient was enrolled on 26 February 2009. Patient demographics and disease characteristics at baseline are summarized in Table 1 . The majority of the patient population (mean age, 64 years) presented with Stage IV disease (76.8%) and more than 90% had an ECOG PS 0-1 at study entry ( Table 1) . The primary reasons for study discontinuation in the LY2603618/gemcitabine arm and gemcitabine alone arm, respectively, included: progressive disease (70.8%; 61.8%), AE (12.3%; 17.6%), subject decision (4.6%; 14.7%), investigator decision (6.2%; 2.9%), death (4.6%; 2.9%), and protocol violation (1.5%; 0).
Clinical efficacy
The Bayesian model was applied to compare OS between treatments. The posterior probability of superiority of LY2603618/gemcitabine over gemcitabine alone was 0.33, which did not exceed the pre-specified threshold of 0.8. These findings were confirmed by the frequentist analysis. The median OS was 7.8 months (range, 0.3-18.9 months) for LY2603618/gemcitabine and 8.3 months (range, 0.8-19.1+ months) for gemcitabine alone (Fig. 1a) .
Overall, LY2603618/gemcitabine was not statistically superior to gemcitabine alone when PFS, duration of response, ORR, and clinical benefit rate were assessed ( Table 2 ). The median PFS was 3.5 months (range, 0-15.9 months) for LY2603618/gemcitabine and 5.6 months (range, 0-17.4 months) for gemcitabine ( 
Safety
The median number of cycles completed was 2.0 (range, 0-16 cycles) for LY2603618/gemcitabine and 2.5 (range, 0-18 cycles) for gemcitabine. As shown in Table 3 , study drug-related treatment-emergent AEs (TEAEs) were comparable between LY2603618/gemcitabine (89.2%) and gemcitabine (91.2%). The most frequently observed TEAEs in both arms were nausea, thrombocytopenia, fatigue, and neutropenia. Fewer patients experienced anemia with LY2603618/gemcitabine (13.8%) than with gemcitabine (26.5%). In contrast, a higher incidence of vomiting, decreased appetite, and stomatitis was observed for LY2603618/gemcitabine than for gemcitabine. For each arm, neutropenia and thrombocytopenia were the most common grade 3/4 TEAEs possibly related to treatment, in addition to anemia, which was also common to gemcitabine (Table 4) . Serious adverse events (SAE) related to study treatment were reported among 13.8% and 23.5% of patients in the LY2603618/gemcitabine and gemcitabine arms, respectively.
Fourteen patients (n = 8, LY2603618/gemcitabine; n = 6, gemcitabine) discontinued the study due to AEs. Of the eight patients who discontinued in the LY2603618/gemcitabine arm, four events (grade 4 cerebrovascular accident, grade 1 left bundle branch block, grade 3 acute pulmonary oedema, and grade 3 atrial fibrillation) were possibly related to treatment. Of the six patients who discontinued in the gemcitabine arm, four possibly related events occurred (grade 3 thrombotic microangiopathy, grade 4 (See figure on previous page.) Fig. 1 ; n number of patients; TEAE treatment-emergent adverse events acute renal failure, grade 2 thrombocytopenia, and grade 3 hemolytic uraemic syndrome). Four deaths were reported during the study; three due to disease progression and one due to a non-related peripheral arterial ischemia event.
Pharmacokinetic/pharmacodynamic analyses LY2603618 demonstrated consistent PK parameters after single (day 2) and repeat administration (day 16) during cycle 1 ( Table 5 ). The LY2603618 plasma systemic exposure targets (i.e., AUC (0-∞) ≥21,000 ng hr/mL and C max ≥2000 ng/mL) that correlate with maximal pharmacodynamic (PD) effect observed in nonclinical HT-29 xenograft models (data on file) were achieved on a mean cohort basis after 230 mg of LY2603618 (Table 5 ). More specifically, 87% and 73% of the individual PK profiles on days 2 and 16 of cycle 1 were above the targets for C max and AUC (0-∞) , respectively.
For the PD analyses, dFdC was incorporated into DNA following gemcitabine administration, with the levels declining to almost baseline by the end of each treatment cycle. The highest levels of dFdC incorporation were observed on days 8 and 15 across all doses. The increases in the amount of dFdC incorporation did not correspond to increasing doses of LY2603618.
Of the patients who had baseline CA19-9 levels > upper limit of normal, a similar percentage of patients (65.4% LY2603618/gemcitabine; 64% gemcitabine) experienced a >50% reduction from baseline in CA19-9 levels.
QTcF assessment
In a time-point exploratory QTcF assessment, no clinically significant trends in ECG parameter changes were reported. Five patients had a change in QTcF from baseline between 30 and 60 milliseconds (msec); no patients had a change in QTcF >60 msec.
Discussion
The current study was part of a Phase I/II study designed to compare the OS of LY2603618/gemcitabine to gemcitabine alone. This study used a Bayesian augmented control design to incorporate historical gemcitabine data, which 
area under the plasma concentration time-curve from time 0 to infinity; AUC (0-24) area under the plasma concentration time-curve from time 0 to 24 h; AUC (tlast -∞) fraction of AUC (0 -∞) extrapolated from the time of the last measurable plasma concentration (t last ) to infinity; C av,24 average plasma concentration over 24 h calculated using AUC (0-24) ; CL systemic clearance; C max maximum plasma concentration; CV% percent coefficient of variation; m 2 meters squared; mg milligrams; n number of pharmacokinetic observations; NC not calculated; R A accumulation ratio; t max time of maximum observed plasma concentration; V ss volume of distribution at steady state following intravenous (IV) administration; t 1/2 elimination half-life minimized the number of patients needed for the treatment to be evaluated. Stage II or III patients not amenable to resection with curative intent or Stage IV disease were included in the current study to match the populations used in the historical studies used as reference data. The OS of LY2603618/gemcitabine was not superior to gemcitabine alone in patients with locally advanced or metastatic pancreatic cancer by either the Bayesian or frequentist approach. In addition, no significant differences between arms in any of the secondary endpoints were observed.
The safety profiles were comparable between arms, indicating that the addition of LY2603618 did not significantly change the safety profile of gemcitabine. This is consistent with the CHK1 inhibitor MK8776 [20] , but in contrast to the data reported with the CHK1 selective inhibitors GDC-0425 and AZD7762 [21, 22] . In a Phase 1 study with AZD7762, unpredictable cardiac toxicity was observed [21] . Although it was demonstrated safe and feasible to administer GDC-0425 with gemcitabine, the CHK1 inhibitor appeared to increase some of the toxicities associated with gemcitabine [22] .
A trend towards a lower LY2603618 systemic exposure and more rapid CL associated with a larger interpatient variability in Phase II (Table 5 ) compared to Phase I was observed [13] . This is likely a result of the more limited PK sampling schedule (sampling to only 24 h post dose) used in the Phase II study (i.e., larger AUC (tlast-∞) (%) values; Table 5 ), thereby limiting the capability of the conventional PK analysis method to accurately quantify the terminal elimination phase of LY2603618 and resulting in an underestimate of AUC (0-∞) and overestimate of CL. In contrast, the LY2603618 PK profiles over the first 24 h from Phase II demonstrated a high degree of concordance with the PK profiles from Phase I. The average t 1/2 following administration of 230 mg LY2603618 was consistent with a t 1/2 suitable for achieving and maintaining the desired target human exposures while minimizing the intra-and intercycle accumulation (Table 5) . Gemcitabine did not appear to affect the PK of LY2603618, as the PK parameters reported in this study were similar to the PK parameters calculated after LY2603618 monotherapy [23] .
The study had inherent limitations that may have contributed to the negative clinical outcome observed. In addition, due to the lack of a clinically-validated PD marker to quantify direct CHK1 inhibition by LY2603618, the magnitude and duration of CHK1 target inhibition at 230 mg is neither known nor has it been correlated to clinical responses. Therefore, it is possible the PK surrogate targets (i.e., AUC (0-∞) ≥21,000 ng•hr/mL and C max ≥2000 ng/mL) derived from nonclinical xenograft models for maximal PD response were not appropriate thresholds to predict clinical responses in humans. In addition, inclusion of only patients with Stage IV disease may have yielded a more favorable clinical outcome.
One Phase III randomized trial comparing gemcitabine with FOLFIRINOX reported statistically significant improvements in OS (hazard ratio [HR] 0.57, P < .0001), PFS (HR 0.47, P < .0001), and ORR (P = .0001) in chemonaïve patients with ECOG PS 0 and 1 [5] . Despite the clincial efficacy observed with FOLFIRINOX, this treatment was associated with more frequent and more severe toxicity [5] . As a result, only patients with an adequate PS are typically eligible for FOLFIRINOX treatment. Recent meta-analyses have reported that patients with poorer performance had less OS benefit from combined therapies for metastatic pancreatic cancer [24, 25] . Since FOLFIRI-NOX emerged as a treatment option during the conduct of this study, there was concern that a greater proportion of patients with low PS status who were not eligible for FOLFIRINOX would be included. However, only 9.2% and 8.8% of patients on the experimental arm and control arm, respectively, were PS 2 and so this consideration was unlikely to have affected the outcome.
The Metastatic Pancreatic Adenocarcinoma Clinical Trial (MPACT) demonstrated improved clinical efficacy with gemcitabine/nab-paclitaxel than gemcitabine (median OS, 8.5 months vs. 6.7 months, respectively); however, fatigue, neuropathy, and neutropenia were more common among patients receiving combination therapy than monotherapy [4, 8] . Interestingly, the overall incidence of grade III/IV study drug-related TEAEs in the current study was not increased in the LY2603618/gemcitabine arm compared with the gemcitabine arm, except for the incidence of grade 3 leukocytes and platelets, which was higher in the LY2603618/gemcitabine arm.
Conclusion
OS was not improved with the addition of LY2603618/ gemcitabine compared with gemcitabine alone. The safety and PK profiles were comparable between treatment arms. As a result of this finding, LY2603618/gemcitabine will not be further developed for the treatment of patients with pancreatic cancer. 
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